Objectives: Prospective cohort study to characterize the clinical features and course of spinal muscular atrophy type I (SMA-I).
Proximal spinal muscular atrophy (SMA) is an autosomal recessive motor neuron disorder with an incidence of 1:11,000 live births. 1 Mutations in the survival of motor neuron 1, telomeric (SMN1) gene cause SMA. 2 A nearly identical gene, SMN2, harbors an exonic splicing enhancer mutation that limits inclusion of exon 7. 3 This results in a reduced amount of functional fulllength SMN protein. The SMN2 copy number is inversely related to clinical severity. 4 SMN protein functions within a spliceosomal complex and is important in RNA processing. 5 SMA is a clinical continuum, divided into 4 phenotypes based on maximal motor function achieved: type I (SMA-I, onset by 6 months, nonsitter), type II (SMA-II, onset 6-18 months, sitter), ambulatory type III children, and type IV adults. 6, 7 Prior natural history studies have demonstrated shortened lifespan for SMA-I, with 68% succumbing within 2 years and 82% by 4 years of age. 6, 7 SMA-I has been further subdivided into 3 groups: type IA (or zero, in some reports 8 ), presentation at birth with joint contractures and respiratory compromise; type IB, onset of symptoms before age 3 months; and type IC, onset after 3 months of age. 9, 10 Recent utilization of nutritional and respiratory support has altered the natural history of SMA-I, reducing mortality to approximately 30% at age 2 years, with approximately half of these survivors fully reliant on noninvasive ventilation. 11 This prospective study was designed to describe the current natural history of SMA-I and guide planning of clinical trials for SMA-I. The overall study design and data on subjects with SMA types II and III have been reported separately. 12, 13 The diagnosis of SMA and subtype classification were made by the principal investigator at each site (R.F., P.K., B.D.). Confirmation of the SMN1 exon 7/8 common deletion was performed by PCR amplification and restriction digest of DNA using primers flanking SMN1 and SMN2 exon 7, and SMN2 copy number was determined as previously described. 12 Only patients with homozygous deletions were included.
Previously identified patients followed in our clinics and newly diagnosed patients were enrolled. All eligible patients were offered participation. Study visits were scheduled at baseline and at 2, 4, 6, 9, and 12 months and every 6 months thereafter. The SMA standard of care guidelines published in 2007 were used as a basis for providing uniform care among the study sites. 14 For purposes of this study, sitting (for SMA-II) was defined as being able to sit independently for .10 seconds. To permit an analysis on the basis of function, rather than SMA type, subjects with type II (n 5 45) were included and divided into type IIA, having lost the ability to sit (n 5 10), and type IIB, having maintained the ability to sit (n 5 35).
Demographic information included age, sex, and ethnicity. SMA history included age at symptom onset (by parental recollection and by verification of medical records when available), age at clinical diagnosis, means of diagnosis (clinical impression, molecular genetic confirmation), history of motor developmental milestones gained and/or lost, and family history of SMA. Other relevant medical and surgical history was captured, with attention to feeding/nutrition and respiratory function, hospitalizations, therapy received, and medication/supplements taken (none were disallowed). The primary outcomes of interest were age at death and age at reaching the combined endpoint of either death or requiring at least 16 hours/day of noninvasive ventilation support for at least 14 days in the absence of an acute reversible illness or perioperatively (as a surrogate for death). 10 Physical examination findings included weight, length/height, head and chest circumference, vital signs, motor function, scoliosis, and joint contractures. Measurement of the serum comprehensive metabolic panel and complete blood count was performed at each study visit. Laboratory abnormalities were determined based on each hospital laboratory's normal values for age.
Motor function testing utilized The Children's Hospital of Philadelphia Infant Test for Neuromuscular Disorders (CHOP INTEND), a validated 16-item, 64-point scale shown to be reliable and sensitive to change over time for SMA-I. 15, 16 The CHOP INTEND was performed on all subjects with SMA-I and, for comparison, 5 subjects with SMA-II. Motor function testing was performed by clinical evaluators after a training and reliability session and reliability was re-established annually. 12 Electrophysiologic measurements, the compound motor action potential (CMAP) and motor unit number estimate (MUNE, multipoint method), were obtained as previously described. 12 Standard protocol approvals, registrations, and patient consents. All guardians of participants provided written informed consent approved by the individual institutional review boards at the participating sites.
Statistical analysis. For purposes of analysis, subjects with
SMA-I were subdivided into types IB and IC, and classified as "recent" if enrolled within 3 months of diagnosis or "chronic" if beyond 3 months. The distributions of age at death and age at reaching the combined endpoint of either death or requiring at least 16 hours/day of noninvasive ventilation support for at least 2 weeks were described using Kaplan-Meier curves. The distributions of age at reaching the combined endpoint were compared between subjects with type IB and type IC, boys and girls, and those with 2 and 3 SMN2 copies using log-rank tests. The mean rate of change over time (slope) in CHOP INTEND score was estimated using a mixed-effects linear regression model with random slopes and intercepts. The mean slopes were compared between subjects who were recently diagnosed and those with chronic SMA-I, as well as between subjects with type IB and type IC, by adding the subgroup variable and its interaction with time to the mixed-effects model and testing for significance of the interaction term. The distributions of electrophysiologic variables (CMAP and MUNE) at baseline were compared between various subgroups (type IB vs type IC; recently diagnosed vs chronic SMA-I) using Wilcoxon rank sum tests. SMA-I subjects with 2 vs 3 copies of SMN2 were compared regarding baseline variables using Wilcoxon rank sum tests or x 2 tests, as appropriate. Fisher exact tests were used to compare SMA-I and SMA-II subgroups regarding the percentage of subjects with abnormal laboratory values. Nutritional support (nasogastric tube or gastrostomy tube; median 8.0, IQR 6-13) was initiated approximately 3 months earlier than ventilation support (noninvasive ventilation or intubation leading to tracheostomy; median 11.0, IQR [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . At baseline, all subjects with SMA-I older than 12 months required feeding or combined feeding and ventilation support, and 14 required 161 hours/day of ventilation support (11 with bilevel positive airway pressure by mask, 3 with tracheostomy). For the entire SMA-I cohort, the age at symptom onset (median 3.0, IQR 2-4) was approximately 3 months before the age at diagnosis (median 6.0, IQR 4-7) and the interval from diagnosis to enrollment (median 9.0, range 0.3-252) reflects that many chronic patients were included.
Mortality and combined endpoint data are presented in figure 1 and ventilation support data are detailed in table 1. Nine subjects with SMA-I died during follow-up: 6 with type IB and 3 with type IC. Causes of death were acute pulmonary infection (n 5 6), airway obstruction (n 5 2), and bradycardic arrest (n 5 1). The median age at reaching the combined endpoint in subjects with SMA-I was 13.5 (IQR 8.1-22.0). This distribution did not differ significantly by sex (p 5 0.19) or SMA-I subtype (figure 1B, p 5 0.58): the median age at the combined endpoint for subjects with type IB was 11.9 (IQR 7.0-22.0) and for subjects with type IC was 13.6 (IQR 8.8-20.1). SMN2 copy number data were obtained in 31 of 34 subjects and are summarized in table 1. Nine subjects had an SMN2 copy number of 3; none died and 4 required 161 hours of ventilation for at least 2 weeks during the course of this study. The distribution of the age at reaching the combined endpoint differed by SMN2 copy number (figure 1C, p 5 0.002): the median age at the combined endpoint for subjects with 2 SMN2 copies was 10.5 (IQR 8.1-13.6), but the 25th percentile was 22.0 for those with 3 SMN2 copies (not enough events occurred to permit estimation of the median age).
Motor function as measured by the CHOP INTEND is summarized in table 1. CHOP Age at symptom onset, mo, median (IQR) 1.5 (1-2.5) 3.0 (2-3) 4.0 (4-5) 4.0 (4-6) 11.0 (7-12) 8.5 (6) (7) (8) (9) (10) (11) (12) Age at clinical diagnosis, mo, median (IQR) 3.5 (1.8-6) 6.0 (4-7) 5.5 (5-7) 6.0 (6-8) 11.5 (9) (10) (11) (12) (13) (14) 13.0 (10-18)
Age at enrollment, mo, median (IQR) 5.0 (2.5-6. Type IB 5 symptom onset younger than 3 months of age; type IC 5 symptom onset older than 3 months of age; type IIA 5 lost independent sitting; type IIB 5 retained independent sitting. a Reasons given by caregivers for screen failure/nonparticipation for patients with spinal muscular atrophy type I (1 or more/subject): declined (n 5 7), too weak/ill to participate (n 5 3), sought palliative care (n 5 1), distance (n 5 1), expense (n 5 1), wanted a treatment trial (n 5 1), and undecided/no reply (n 5 10).
INTEND scores did not differ significantly at baseline whether or not nutritional support was required, while the age was older and the scores were notably lower when both nutritional and ventilation support were required (table e-1). Seventeen subjects with SMA-I (4 recent, 13 chronic) were evaluated on at least 2 occasions using the CHOP INTEND (figure 2 by study visit and figure e-2 by age). The mean rate of Gastrostomy tube placement, % 6 2 . 5 9 0 5 0 9 0 3 0 2 6
Age when gastrostomy tube was placed 6.0 (4-7) 9.0 (8-14) 6.0 (6-15) 8.0 (7-13) 30.0 (15- Of the 54 eligible subjects with SMA-I screened, 34 (63%) were enrolled, with an average of 1.20 subjects with SMA-I screened/month and 0.74 subjects enrolled/month among the 3 study sites. Overall, 50% of subjects with SMA-I and 84% of subjects with SMA-II completed at least 12 months of follow-up. Of those who lived for at least 12 months after enrollment, 5 of 25 (20%) completed all 6 scheduled study visits and 15 of 25 (60%) completed at least 4 of the 6 visits for the initial 12 months. Missed visits were attributable to illness, surgery, and travel difficulties. Early withdrawal occurred in 16 of the 34 subjects (47%): 9 because of death (all within the first 12 months) and 7 for other reasons (1 illness, 2 noncompliant, 2 enrolled in a treatment study, 1 time constraints for the caregivers, 1 withdrew consent).
Study procedures were well tolerated. Of the 34 adverse events that were reported, 65% were related to the pulmonary system (respiratory syncytial virus in 3), 21% to gastrointestinal issues, and 6% were perioperative in nature. All were determined to be related to progression of disease or to scheduled hospital admissions for surgery or testing; none were attributed to the study assessments or travel to the study site. No primary cardiac events were identified. The duration of study visits was approximately 4 hours, including breaks.
Most laboratory values were within normal ranges or were slightly outside the range of normal (alanine aminotransferase, hemoglobin, creatinine, glucose; table e-2).
CMAP and MUNE responses were obtained at the baseline visit in 20 of 34 subjects with SMA-I (59%) and were omitted otherwise upon parental request. The ulnar CMAP amplitude (median 5 300 mV, range 41-1,100 mV) and MUNE (median 5, range 1-18) responses were substantially reduced relative to reference data for the lower limit of normal in infants from neonate to 2 years of age (CMAP: 1,800-5,000 mV; MUNE: 100-250). Normative CMAP values rise with development before plateauing at adult levels by the end of the first decade. Cross-sectional MUNE norms have been reported in infants and some age groups, although the trajectory of MUNE values during normal development has not been as well charted. 17 There were no significant differences in CMAP and MUNE between the recently diagnosed and chronic SMA-I subgroups (CMAP: p 5 0.80; MUNE: p 5 0.97), nor was there a significant difference in CMAP between the type IB and type IC subgroups (p 5 0.35), but the MUNE values tended to be higher in the type IC subgroup than in the type IB subgroup (p 5 0.04 , table 1) . DISCUSSION We have demonstrated that a prospective, longitudinal natural history study of SMA-I can be performed effectively among 3 clinical sites. We found that subjects with type IB and type IC fare similarly regarding time to the combined endpoint. The need for gastrostomy tube placement and noninvasive ventilation was not significantly different in these SMA-I subgroups. Thus, it would be sensible to include both subgroups in a clinical trial that used time to reach the combined endpoint as the primary outcome variable, and there would appear to be no advantage of stratifying by subgroup in the randomization or statistical analysis. In a different study, time to the combined endpoint in patients with SMA-I did not differ between those receiving supportive nutritional care only vs proactive respiratory support. 18 For purposes of clinical trial planning, our data suggest that the probability of reaching the combined endpoint at age 12 months (i.e., after 6-9 months of trial participation) is approximately 50%. A sample size of 63 subjects per group (126 total) would be required in a 2-group trial to provide 80% power to detect a relatively large group difference of 50% vs 75% regarding event-free survival (not reaching the combined endpoint), corresponding to a hazard ratio of 0.42, using a log-rank test and a 5% significance level (2-tailed), assuming a 10% dropout rate. An additional 6 months of follow-up would increase the probability of reaching the combined endpoint to approximately 65%, possibly allowing for detection of a smaller treatment effect, but one would have to consider the increased risk of dropout with longerterm follow-up in sample-size planning.
Motor status, as measured by the CHOP INTEND total score, declined over time in subjects with SMA-I but the mean rate of decline was not significantly different between the type IB and type IC subjects or between the recently diagnosed and chronic subgroups.
Despite advanced denervating disease, CMAP and MUNE could be obtained at baseline in the majority of subjects in this cohort. CMAP amplitudes, however, were similar across groups in patients with SMA-I and therefore less informative, likely because they were very low at the time of baseline evaluation. The baseline MUNE, however, while still quite low, was relatively higher in the type IC than in the type IB subgroup. CMAP amplitude and MUNE from the distal ulnar nerve may serve as useful markers in early-phase trials if an intervention causes some rescue of motor neurons, hastens deterioration, or promotes collateral reinnervation. However, the absence of change in these measures does not necessarily indicate a lack of benefit because they do not reflect motor neuron pools that control bulbar or respiratory function and may be limited because of very advanced denervation.
SMN2 copy number was associated with severity of disease and with the time to reach the combined endpoint in our cohort. Limiting a clinical trial to subjects with a copy number of 2 will yield a higher number of participants who reach the combined endpoint; however, this could make recruitment more difficult. It would seem useful, however, to stratify by SMN2 copy number in the randomization of participants in future trials.
The elevated alanine aminotransferase findings may reflect muscle atrophy (creatine kinase levels were not evaluated here, but have been reported to be elevated in SMA 19 ). Reduced serum bicarbonate may reflect an underlying metabolic acidosis, as has been described previously. 20 Reduced serum creatinine values reflect reduced muscle mass; these tended to occur more frequently in subjects with SMA-II than in subjects with SMA-I (p 5 0.08). The use of serum cystatin C may be better than serum creatinine for evaluation of renal function. Random blood glucose levels were abnormally reduced or elevated in 8 of 26 subjects with SMA-I (30.8%) and in 23 of 43 subjects with SMA-II (53.5%). Both hypo-and hyperglycemia warrant close monitoring, especially in time of illness or perioperatively, as has been demonstrated. 21 Limitations to the interpretation of these data include the relatively small sample size, incomplete retention, and having a mixture of recently diagnosed and more chronic subjects. The latter group (20 of 34 subjects, 59%) is more likely to have milder disease and to have longer-term survival. While all subjects with SMA were included, focusing on the recently diagnosed group may give a clearer picture of the natural history of SMA-I using contemporary support options.
Patients with SMA-I can be effectively enrolled in a longitudinal study. Subjects should be enrolled in trials shortly after diagnosis, before age 8 months, by which time about half of the subjects already need feeding support. Enrollment within 1 month of diagnosis is feasible but will be a challenge. The subjects tolerated extensive testing with appropriate rest periods. Retention was variable for the subjects with SMA-I, who missed many study visits because of illness. The frequency of study visits was challenging for many subjects with SMA-I and their parents. To maximize retention, study visits should be minimized; the use of remote assessments in lieu of some study visits should be considered. Multiple pulmonary-related adverse events and minor laboratory abnormalities should be anticipated in an intervention study. SMN2 copy number serves as a predictive biomarker potentially useful for stratification, in contrast to SMA-I subtype (IB and IC). The composite endpoint of death or the need for at least 16 hours/day of noninvasive ventilation support for at least 2 weeks accurately captures the milestone of sustained respiratory failure, a surrogate for death. The CHOP INTEND may serve as a useful secondary outcome measure.
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